Nuclear magnetic resonance (NMR), as all spectroscopic methods, relies upon the interaction of the sample being examined with electromagnetic radiation, here in the low energy range of radio frequencies (1-1000 MHz). To absorb a photon of electromagnetic radiation the sample must exhibit periodic motion whose frequency matches that of the absorbed radiation
I z = mħ m = −I, …, 0, …, I
where m is the magnetic quantum number with 2I +1 values. (The z-component is important as the direction of the static magnetic field is chosen as the z axis and the component of the magnetic moment which will interact with this magnetic field -generated by the NMR spectrometer -lies along this axis.) Note the parallel between the orbital angular momentum quantum number l and magnetic quantum number m l for the electron in a hydrogen atom and the I and m quantum numbers here.
Nuclei of all elements are composed of protons (p) and neutrons (n), both of which have spin I = 1 / 2 . Thus the total nuclear spin is the resultant of the spin and orbital angular momenta of all the nucleons. The quantum treatment indicates that protons and neutrons pair up separately and that even numbers of either have zero spin angular momentum. The model leads to the three cases summarized in Table I .
Table I -Distinct Ways to Combine Spin of the Nucleons in an Atom

Spin
Nucleon Description Examples I = 0 even numbers of both p and n 12 C: 6p, 6n 16 O: 8p, 8n I = n (integer) odd numbers of both p and n 2 H: 1p, 1n, I = 1 10 B: 5p, 5n, I = 3 I = n/2 (half integer) even p (n) and odd n (p) 13 C: 6p, 7n, I = 1 / 2 23 Na: 11p, 12n, I = 3 / 2
Nuclear Magnetic Moment
Classically if a rotating particle is charged it generates a magnetic dipole which creates a magnetic field. The dipole has a magnetic moment. Nuclear spin angular momentum has an associated nuclear magnetic dipole moment μ which can interact with a magnetic field μ = γI (4) where γ is the magnetogyric ratio, a constant characteristic of each nuclide. The magnetic moment also has a quantized z-component.
Protons and neutrons are actually not true elementary particles but consist of charged fundamental particles known as quarks. Both nucleons (protons and neutrons) contribute to the spin and also can contribute to the nuclear magnetic moment, μ . However I = 0 spins have no spin and, thus, no magnetic moment. Table II summarizes properties of some nuclides. 
Nuclear Spin in an External Magnetic Field (Zeeman Effect)
There is no preferred orientation for a magnetic moment in the absence of external fields. In the absence of B o the magnetic moments of individual nuclei are randomly ori-ented and all have essentially the same energy. Application of an external magnetic field removes the randomness, forcing the nuclei to align with or against the direction of B o . This change from a random state to an ordered state is known as polarization. Such polarization means there is a difference in the population of the various spin states. Furthermore the different spin states are no longer degenerate (the same) in energy.
Classically, in the presence of an external magnetic field B o the energy of a magnetic moment μ depends on its orientation relative to the field E = − μ . B o (6) being a minimum when the magnetic moment is aligned parallel to the magnetic field and a maximum when it is anti-parallel. From the quantum mechanical prospective, when a nucleus is introduced into a magnetic field its magnetic moment will align itself in 2I +1 orientations (number of values of the m quantum number) about the z direction of B o where the energy is given by
For an I = 1 / 2 nucleus there are only two orientations for the magnetic moment μ: 1) a lower energy orientation parallel to B o with a magnetic quantum number m = 1 / 2 often referred to as the α spin state and 2) a higher energy anti-parallel orientation with m = − 1 / 2 referred to as the β spin state.
Energy levels for a nucleus with spin quantum number I = 1 / 2
For an I > 1 / 2 nucleus there are more than two orientations. The physical description can be portrayed in a vector diagram where the length of the angular momentum vector is a constant whose magnitude |I| = [I(I +1)] 1 / 2 ħ and whose projection on the z-axis is I z = mħ. The number of possible orientations of this vector is given by the number of values of the magnetic quantum number m. Note that even with the magnitude of the vector and m known the uncertainty principle does not allow one to specify the vector I. It can lie anywhere on the base of the cones about the z-axis as shown on the next page.
For clarity the vector is only shown for the highest and lowest values for m though all of the cone bases are given.
Orientations of the spin angular momentum vector for I = 1 / 2 , 1, and 2 nuclei
Transition Frequencies
NMR spectroscopy induces transitions between adjacent nuclear spin energy states (the selection rule is Δm = ±1). The energy change for a nucleus undergoing an NMR transition from the spin state characterized by the magnetic quantum number m to the state with quantum number m − 1 is
Equation (8) The frequency ν of the electromagnetic radiation used to induce an NMR transition between adjacent m levels in an external magnetic field B o is found from Eq. (1)
The units of frequency (ν) are cycles/second, hertz (Hz) in SI units. In NMR spectroscopy, it is often more convenient to use angular frequency (ω) with units of radians/second. Since one cycle equals 2π radians, ω ≡ 2πν
As cycles and radians are not SI units, both ν and ω have the same SI units (s −1 ). The angular frequency of an NMR transition is more commonly written as
which is the Larmor equation. Note that the use of ω eliminates the occurrence of 2π in the Larmor equation.
The Larmor frequency has two important physical interpretations. It is the frequency of the electromagnetic radiation that induces a transition between nuclear spin quantum states in the magnetic field. It is also the precessional (or rotational) frequency of the nuclear magnetic moment about the magnetic field. While the actual origin is quantum mechanical and involves the Heisenberg uncertainty principle, this precession has a classical analogy. The interaction between a magnetic field and a magnetic dipole moment produces a torque on the dipole that makes it revolve around the direction of the magnetic field at a fixed angle, sweeping out a conical surface. This precession is illustrated on the right for an I = 
Boltzmann Statistics
In the presence of an external magnetic field different nuclear spin states (with different values of m) have different energies. The energy difference is proportional to B o . At thermal equilibrium, these states will also have different populations, their ratio given by the Boltzmann equation with N high and N low the respective populations of the upper and lower spin states (such as β and α for an Ι = 1 / 2 nucleus), ΔE = E high − E low the energy difference between the two states, k the Boltzmann constant, and T the absolute temperature. In currently achievable magnetic fields, the difference between nuclear spin energy levels ΔE is much smaller than kT, implying that N low is only very slightly in excess of N high . For 1 H in a 9.4 tesla field (400 MHz) and 300 K one obtains a population ratio N(α)/N(β) of 1.000064, i.e., for one million spins in the upper β state there are one million and sixty-four in the lower energy α state! It is the excess 64 spins that respond to the NMR experiment and create the net magnetization M o (as shown on the left with the double precessional cone characteristic of a spin 1 / 2 nucleus). To summarize, the larger B o is the greater the energy difference ΔE between the levels and the larger the ΔE the more excess population exists in the lower energy state (waiting to be excited to the higher level).
The NMR Spectrometer
The major components of an NMR spectrometer are a strong magnet with associated electronics to control the field homogeneity and stability, probe, RF electronics, computer, and a coil of wire which serves as an antenna for radiofrequency transmission and detection. Older continuous wave instruments employed two coils, one for the transmitter and one for the receiver.
Note how the terminology is similar to that of an FM radio as both rely upon RF! The magnet is a solenoid whose wiring becomes superconducting at liquid helium temperatures (4 K). To facilitate continuous cryogenic operation, a liquid nitrogen (77 K) dewar surrounds the He dewar providing a heat sink and minimizing loss of the more expensive liquid helium.
Pulse NMR Experiment and Fourier Transform NMR
When a sample is placed in the magnetic field the field causes the spins to become polarized creating a Boltmann distribution where slightly more spins exist in the lower energy state. The excess of nuclear spins in the α spin state is illustrated below on the far left.
In the presence of the . Excitation of the nuclei from the lower energy α spin state to the higher energy β spin state is achieved with an oscillating radio frequency magnetic field B 1 applied with a transmitter coil as a short duration pulse along the x-axis (RF pulse). The oscillating magnetic field can be viewed as a rotating magnetic field. When the rotating frequency of B 1 is equal to the precession frequency of the nuclear moments (ω o ), B 1 excites nuclei in the α spin state to the β spin state. This causes the net magnetization M o to rotate about the x-axis tipping it from the z-axis into the yz-plane. (One can completely transform the z magnetization into y magnetization if the duration of the pulse is the length of a π/2 pulse, a 90° pulse.) The component of the magnetization in the xy plane, initially along the y-axis (M y ) precesses about the z-axis at the precession frequency ω o . The net magnetization along the y-axis is detected with an antenna coil illustrated with an eye in the figure above.
With respect to the eye, y-axis magnetization rises and falls in a sinusoidal manner as the vector precesses about the z-axis. The amplitude of the signal decays with time as the phase coherence between the precessing magnetic dipoles is lost in a process known as nuclear spin relaxation (spin-spin relaxation of next section). If the molecule has only a single chemical shift, the signal appears as a simple decaying sine wave and the shift in hertz is the frequency of the sine wave relative to a reference frequency. Most molecules have many nuclei with many different chemical shifts and correspondingly many different precession frequencies. The B 1 field actually contains a broad band width of frequencies that excite all nuclei in a molecule at the same time. Since the RF pulse is on the order of microseconds, the time-energy uncertainty principle (ΔEΔt = ħΔωΔt ≥ ħ) shows that the pulse will consist of a range of frequencies Δω able to simultaneously excite all the spins of a given nuclide. The net magnetization along the y-axis is then the sum of the magnetization of each set of equivalent nuclei, all precessing at different frequencies. The resulting waveform is called the free induction decay (FID) or the time domain spectrum. It is a measure of y-axis magnetization M y as a function of time after the B 1 pulse. A Fourier transformation (FT) of the signal yields the individual precession frequencies or chemical shifts, the frequency domain spectrum or simply the NMR spectrum:
Nuclear Spin Relaxation
The precession of spins in the xy-plane does not last forever. It decays due to three distinct effects:
1. The magnetic field is not perfectly uniform. Nuclei in different parts of the sample precess at slightly different frequencies and get out of phase with one another, thereby gradually decreasing the net magnetization of the sample.
2. Spin-Lattice (or Longitudinal) Relaxation, T 1 (mechanism which involves a net transfer of energy from spin system to surroundings to reestablish Boltzmann distribution -an enthalpy effect). The applied RF pulse and consequent rotation of the net magnetization M o from the z-axis is a disruption of the thermal equilibrium of the spins. The system responds to reestablish equilibrium by transferring energy from the spin system to the environment (lattice) until the populations of the energy states regain the Boltzmann distribution given in Eq. (12). The process is attributable to electromagnetic interactions between the nuclei and the surrounding particles which cause transitions between the spin states (α and β when I = 1 / 2 ). As it is the coherent combination of these spin states that contribute to the magnetization rotating in the xy-plane, the result is a gradual decay of these coherent combinations and a return to the state of equilibrium in which the magnetization is in the z-direction and no longer capable of inducing a signal in the antenna coil. How fast the spins regain equilibrium is a measure of the coupling of the spins to their environment. Bloch assumed that the nonequilibrium distribution of M z moves toward the equilibrium distribution M o by a first order rate process
where the reciprocal of the rate constant k is the spin-lattice or longitudinal relaxation time T 1 . Making this substitution the equation can be integrated from time zero to some time t to yie
an exponential approach to equilibrium.
3. Spin-Spin (or Transverse) Relaxation, T 2 (mechanism which adiabatically redistributes the energy of the spin system without a net transfer of energy to the surroundings -an entropy effect). After an RF pulse tips the net magnetization M o from the z-axis, the magnetic moments interact with one another by magnetic dipole interactions. Nuclei are generally located in several different molecular environments, each with a slightly different B o due to molecular motion or chemical exchange. In each of these regions the precession frequency will be perturbed to a slightly different extent. The result is a collection of regions rotating at slightly different frequencies producing a gradual loss of phase coherence (precession as a group) and a decay of the resultant magnetization (the spin vectors become evenly distributed in xy-plane). Bloch also assumed that M x and M y lose their magnetizations in first order rate processes
where the reciprocal of the rate constant k is the spin-spin or transverse relaxation time T 2 (characterizes the exponential decay of the FID). With this substitution the equations can be integrated from time zero to some time t to yield The spin-spin relaxation time does not exceed the spin-lattice relaxation time, T 2 ≤ T 1 . Since the relaxation times are reciprocals of rate constants this implies that spin-lattice relaxation processes are not faster than spin-spin relaxation processes. In many cases, the same physical relaxation mechanisms determine T 1 and T 2 so that they are then equal. In spectroscopies involving higher energy excitation such as in the ultraviolet or visible region of the electromagnetic spectrum, the return to the ground state of an excited molecule is very rapid. The situation is quite different in NMR where the small energy difference between nuclear spin states means that spontaneous emission is very slow. (The lifetime of an unperturbed excited nucleus is in the range of years!) Consequently the excited nucleus must be induced to flip its spin and return to the ground state by some external means. An analysis of the interaction of electromagnetic radiation with matter shows that a spin subjected to a fluctuating magnetic field will be induced to undergo transitions between all available energy levels at a rate that is proportional to the intensity of the field. The principal sources for producing fluctuating magnetic fields are the movement of spins in space due to molecular motion or due to molecular rotation. The principal mechanisms by which these fields are produced are 
Table III -Proton Chemical Shifts
There are two major factors that influence chemical shifts:
• deshielding due to reduced electron density (e.g., due to electronegative atoms)
• anisotropy due to magnetic fields (e.g., those generated by π bonds)
Shielding in NMR
Nuclei are shielded by valence electrons surrounding them which circulate in an applied magnetic field producing a local diamagnetic current in the opposite direction. This diamagnetic shielding will affect the frequency of radiation necessary to cause a nucleus to spin flip (the resonance frequency). Therefore nuclei will absorb radiation of slightly different frequency depending upon their local magnetic environment which is determined by the structure of the compound. Hence magnetically different types of nuclei will occur at different chemical shifts. This is what makes NMR so useful for structure determination; otherwise all nuclei would have the same chemical shift. Some important factors include:
• inductive effects by electronegative groups • magnetic anisotropy
Electronegativity
Electrons around the nucleus create a magnetic field that opposes the applied field. This reduces the field experienced at the nucleus. Since the induced field opposes the applied field the electrons are said to be diamagnetic and the effect on the nucleus is re-ferred to as diamagnetic shielding. Since the field experienced by the nucleus defines the energy difference between the different spin states, the frequency and hence the chemical shift δ will change depending on the electron density around the nucleus. Electronegative groups decrease the electron density around the nucleus, and there is less shielding (i.e. deshielding) so the chemical shift increases.
Magnetic Anisotropy
Magnetic anisotropy means that there is a non-uniform magnetic field. Electrons in π systems (e.g. aromatics, alkenes, alkynes, carbonyls, etc.) interact with the applied field which induces a magnetic field that causes the anisotropy. As a result, the nearby nuclei will experience three fields: the applied field, the shielding field of the valence electrons, and the field due to the π system. Depending on the position of the nucleus in this third field, it can be either shielded (smaller δ) or deshielded (larger δ), which implies that the energy required for and the frequency of the absorption will change
Different ways to express the relative chemical shifts are summarized in Table IV . 
Chemical Shifts in 1 H NMR
Magnetically different types of nuclei will occur at different chemical shifts resulting in an NMR spectrum which contains peaks for each of these different types of nuclei.
Coupling in 1 H NMR
Spectra generally have peaks that appear in clusters due to coupling (referred to as scalar, spin-spin, or J-coupling) with neighboring protons The coupling constant J (measured in frequency units, Hz) is a measure of the interaction between a pair of protons and is independent of the magnetic field strength. The interaction is through chemical bonds via coupling of the nuclear spins with the spin of the electrons and rapidly decreases with the number of bonds.
Before addressing the coupling, examine the peak assignments in the above spectra:
• δ = 5.9 ppm, integration = 1H; deshielded: agrees with the −CHCl 2 unit • δ = 2.1 ppm, integration = 3H; agrees with −CH 3 unit.
What about the coupling patterns? Coupling arises because the magnetic field of adjacent protons influences the field that the proton experiences. To understand the implications of this, first consider the effect the −CH group has on the adjacent −CH 3 . The methine −CH can adopt two alignments with respect to the applied magnetic field, one which deshields neighboring protons and the other which shields them. As a result the methyl −CH 3 is split into a doublet, two lines of equal intensity due to the equal probability of the methine proton being aligned either parallel or antiparallel to the applied field. Remember that the excess of spins in the lower energy state is only very, very slightly larger than the number in the higher energy state. When considering coupling patterns, for practical purposes, they can be considered to be equal. Now consider the effect the −CH 3 group has on the adjacent −CH. The methyl -CH 3 protons have 8 possible combinations with respect to the applied field, only four of which are magnetically distinct. The resulting signal for the adjacent methine −CH is a quartet, four lines with the intensity ratio 1:3:3:1.
n + 1 Rule
As protons on a carbon atom experience the magnetic field of protons on adjacent carbon atoms the signal for a particular proton will be split by these protons into n + 1 peaks where n is the number of adjacent protons. This rule can be extended to any spin 1 / 2 nucleus.
Pascal's Triangle
The relative intensities of the lines in a coupling pattern are given by a binomial expansion or more conveniently by Pascal's triangle. Individual resonances are split due to coupling with n adjacent protons. The number of lines in a coupling pattern is given, in general, by 2nI + 1 for coupling with n spin I nuclei.
Interpreting 1 H NMR Spectra
What can be obtained from a 1 H NMR spectrum:
Chemical shift
• position on the δ scale (in ppm) where the peak occurs • major factors influencing shifts: 1) deshielding due to reduced electron density (electronegative atoms) and 2) anisotropy (magnetic fields generated by π bonds).
Integration
• area of a peak is proportional to the number of H that the peak represents • integral measures the area of the peak • integral gives the relative ratio of the number of H for each peak
Coupling
• proximity of other n H atoms on neighboring carbon atoms, causes the signals to be split into n +1 lines (to first order).
• this is also known as the multiplicity or splitting of each signal. Magnitude of the coupling constant is independent of the strength of the applied field.
Attributes of 13 C NMR Spectroscopy
It is useful to compare and contrast 1 H NMR and C NMR:
• C isotope does not exhibit NMR behavior (nuclear spin I = 0) r than γ for 1 H in
• seldom observed due to the low natural abundance of C )
ing J coupling beno meaningful peak he ge of these points are that 13 C take longer to acquire, though they 1 able VI. Carbon Chemical Shifts 13 C chemical shifts in the order: sp 2 < sp < sp 3 . In the following are three ex mples of the simplicity of 13 C spectra over 1 H spectra which also illustrate the large range of the carbon chemical shifts. Which one produced the 13 C NMR spectrum on the right?
The following information can be obtained from a typical broadband decoupled 13 C MR spectrum (all coupling with 1 H removed): ronuclear spins separated by one bond. Most often employed to correlate carbons eir directly bonded protons by the presence of cross-peaks in th re COR spectra in our experiments plot proton versus carbon with the 1D spectra displayed along the appropriate axes. The 2D peaks show which protons are coupled to which carbons. C. COSY: 2D experiment used to identify nuclei that share a scalar (J) coupling. The presence of off-diagonal peaks (cross-peaks) in the spectrum directly correlates the coupled partners. G b experiments plot the proton spectrum versus itself. The 2D peaks show which 1 H are coupled over three bonds.
A. DEPT: Distortionless Enhancement by Polarization Transfer
A 1D experiment that utilizes polarization transfer from a nucleus with a relatively rger magnetogyric ratio γ with a smaller γ to incre e signal from the latter pulse from 45 to 0 to 135 o the multiplicity of the carbon nucleus can be determined.
at when 1) θ = 45 o signals from all CH, CH , and CH at 45, 90, and 180 for the compound on the tify which of A-E below is la to one ase th nucleus, here from 1 H to 13 C. By changing the length of the last proton 9
Pulse sequence:
Observed 13 C signals are modulated by the 13 C− 1 H coupling conconstant so th 2 3 carbons are observed (no quaternary C or C attached to D, as in a deuterated solvent), 2) 
